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All organisms on earth are forced by environmental challenges for millions of 
years to either adapt, or escape from inhospitable habitats. Being sessile 
organisms, adaptation is the only alternative for plants. High plasticity in plant 
metabolism, biochemical and signaling pathways, and morphological 
variations promote the performance of plants under stressful environmental 
conditions. Plants also successfully co-exist with other organisms such as 
microbes or insects. As an adaptation mechanism for nutrient limited habitats 
and soil, carnivory has developed from plant-insect interactions. Most 
terrestrial carnivorous plants such as Nepenthes, Dionaea and Drosera use 
diverse trapping organs; however they all specialize in insect prey digestion 
to have access to prey-derived nutrients. Carnivorous plant of the genus 
Nepenthes with over 120 species uses so-called pitchers, which are 
metamorphosed leaf organs with digestive fluid inside. Identified protein 
compositions of the digestive fluid are categorized in the families of 
pathogenesis related (PR) proteins. Only few species of Nepenthes 
developed mutualistic relationships with mammals for nitrogen 
supplementation allowing further coprophagous specialization. Here, we 
show the following results: Insect prey as well as chitin is able to first induce 
jasmonate phytohormones, which in turn can induce genes of digestive 
enzymes such as a chitinase and a protease, nepenthesin. For the latter, 
prey- and chitin-induced activity was also detected in the pitcher fluid. 
Moreover, external jasmonic acid application was sufficient to induce 
proteolytic activity of the fluid, indicating the important role of jasmonate 
signaling in prey-digestion related gene expression. Putative cis-acting 
regulatory elements are observed on the promoter regions of selected PR 
genes of the digestive fluid proteins. Some of those potential promoter 
elements are known to be involved in plant defense regulations. Apart from 
prey-derived nutrient acquisition, Nepenthes was also capable to metabolize 
15N-enriched urea and following which the nitrogen is distributed within the 
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plant. Exactly this ability of the plant, which is facilitated by the enzyme 
urease, allowed further specialization, namely coprophagy. In such case, the 
plants benefit from animal defecation. Urease genes from coprophagous and 
carnivorous Nepenthes species were cloned and functionally expressed. A 
comprehensive phylogenetic analysis for eukaryotic ureases, including 
Nepenthes and five other carnivorous plants’ taxa, identified them as 
canonical ureases and reflects the plant phylogeny. Overall, the results of my 
thesis demonstrate the ability of Nepenthes plants to shape existing 
pathways in favor of carnivory or even coprophagy. It, furthermore, confirms 
the hypothesis that carnivory has evolved from plant defense strategies and 





















Alle Organismen auf der Erde sind seit Millionen von Jahren durch ihre 
direkte Umwelt gezwungen, sich entweder an unvorteilhafte Lebensräume zu 
adaptieren oder sie zu verlassen. Pflanzen als sessile Organismen haben 
keine andere Wahl als sich zu anzupassen. Der Erfolg bei der Adaptation 
von Pflanzen wird dadurch gefördert, dass sie eine hohe metabolische, 
biochemische und auch das Signalisieren betreffende Plastizität besitzen. 
Die Pflanzen sind nicht nur in der Lage zu adaptieren, sondern auch mit 
anderen Organismen wie zum Beispiel Mikroben oder Insekten zusammen 
zu leben. Als Anpassung an nährstoffarme Umweltbedingungen und Böden 
ist eine spezielle Variante der Pflanzen-Insekten Interaktion entstanden, die 
pflanzliche Karnivore. Die terrestrischen fleischfressenden Pflanzen wie zum 
Beispiel Nepenthes, Dionaea und Drosera besitzen unterschiedliche 
Fangmechanismen, die durch verschiedenste Fallentypen realisiert werden. 
Alle diese Pflanzen sind darauf spezialisiert, Insekten zu fangen und zu 
verdauen und profitieren von den so gewonnenen Nährstoffen. Die mit über 
120 fleischfressenden Arten große Gattung Nepenthes, besitzt als Falle 
sogenannte Kannen, die durch Metamorphose des Blattes entstanden sind 
und mit Verdauungsflüssigkeit gefüllt sind. Die identifizierten Proteine, die in 
der Kannenflüssigkeit vorkommen, können den Familien der „pathogenesis 
related“ (PR) Proteine zugeordnet werden. Nur wenige Arten von Nepenthes 
haben ein mutualistisches Zusammenleben mit Säugetieren entwickelt, wo 
sie die Ausscheidungen der Tiere als Nährstoffquelle nutzen. Die folgenden 
Ergebnisse werden in der vorliegenden Arbeit demonstriert. Die Fütterung 
der Kannen, sowohl mit Insekten als auch mit Chitin, induzierten die 
endogenen Phytohormon Konzentrationen und die Gene, welche die für die 
Verdauung verantwortlichen hydrolytische Enzyme kodieren, wie zum 
Beispiel eine Chitinase und die Protease Nepenthesin. Es wurde weiter 
gezeigt, dass die hydrolytische Aktivität der Kannenflüssigkeit durch 
Blattmaterial, Insekten und auch reines Chitin induziert werden kann. 
Außerdem konnte allein die externe Zugabe von Jasmonsäure die 
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hydrolytische Aktivität der Flüssigkeit erhöhen. Dies bedeutet, dass 
Jasmonsäure-abhängige Signalweg eine Rolle bei der Etablierung von 
hydrolytischen Aktivitäten in Nepenthes spielt. In den Promotor-Regionen 
von PR Genen in Nepenthes können cis-aktivierbare, regulatorische 
Promotorelementen vorhergesagt werden, die in der Pflanzenabwehr eine 
Rolle spielen. Über die Insekten-verdauenden Fähigkeiten hinaus haben die 
Kannenpflanzen gezeigt, dass exogener, 15N-angereicherter Harnstoff von 
der Pflanze metabolisiert und der freigesetzte Sticksoff in der Pflanze verteilt 
werden kann. Diese Fähigkeit, basierend auf der Aktivität einer Urease, hat 
dazu beigetragen, dass die Kannenpflanzen koprophage Eigenschaften 
entwickelt haben; sie können direkt von den Ausscheidungen der Tiere 
profitieren. Urease Gene aus zwei Nepenthes Arten, eine karnivore und eine 
koprophage, wurden kloniert und heterolog exprimiert. Ein umfangreicher 
phylogenetischer Stammbaum für Urease von eukaryotischen Organismen 
(Pflanzen, Pilze), der erstmals Ureasen aus sieben verschiedenen 
fleischfressenden Pflanzen enthält wurde des Weiteren erstellt. Die Analyse 
hat für die Ureasen der karnivoren Pflanzen kanonische Eigenschaften 
demonstriert. Die Ergebnissen der Arbeit haben gezeigt, dass Nepenthes 
Pflanzen in der Lage sind, vorher schon existierende Signalwege zugunsten 
der Karnivore, sogar für koprophage Eigenschaften zu nutzen. Außerdem 
kann die Hypothese bestätigt werden, dass die Karnivore aus der 
pflanzlichen Abwehr hervorgeht und in konvergenten Entwicklungen in 














Plants are unable to escape from unfavorable environmental habitats. 
Instead they have evolved strategies to adapt to harsh conditions, fend off 
pathogens, outgrow competitors, and reach sources of nutrients (Wolters and 
Jürgens, 2009). As an adaptation mechanism to survive the limited nutrient 
acquisition in natural inhospitable habitats, some plants developed a 
carnivorous lifestyle (Juniper et al., 1989). 
Since the time of Charles Darwin, carnivorous plants have attracted scientific 
interest for their amazing performance on insect prey digestion-based living. 
Darwin published a book about carnivorous (insectivorous) plants (Darwin, 
1875) describing pioneer studies on this interesting topic, which encouraged 
scientists up to now to study the molecular mechanisms of carnivorous plants; 
however, nowadays by applying modern technologies. 
Carnivorous plants are able to supplement their nutrient demand with their 
unique features of prey capture and digestion. They catch arthropod prey, 
mostly insects, with the help of modified leaves, which are fundamental to 
fulfil extraordinary features associated with plant carnivory (Mithöfer, 2011). 
Carnivorous plants have five basic trapping mechanisms: pitfall trap, 
adhesive trap, snap trap, corkscrew trap, and suction trap (Juniper et al., 
1989). Trapping-organ based prey capturing strategies vary in different 
species, actually even between genera (Juniper et al., 1989). Characteristics 
of the trapping organs are unique in carnivorous plants according to the 
belonging of more than 580 species to five orders and 20 genera (Givnish, 
2015). Basically, hydrolytic enzymes secreted from special glands perform 
prey digestion and hence supply the plants with prey-derived nutrients; 




















Within the order of Caryophyllales, Nepenthaceae and Droseraceae are the 
most investigated and prominent carnivorous plant families. In the latter 
family, an adhesive trap is used by Drosera spp., whereas a snap trap is 
unique for Dionaea muscipula as the only species of its monotypic genus. 
Within Nepenthaceae, only the genus Nepenthes, with more than 120 
species is native to South East Asia. Its highest diversity is found on Borneo 
(Juniper et al., 1989). For prey capture, Nepenthes plants use a 
metamorphosed leaf organ, the pitcher (Figure 1). Particularly three zones 
are characteristic for the pitcher: first the peristome at the top of the pitcher 
Figure 1. (A) Shown is the carnivorous plant Nepenthes alata with the 
metamorphosed leaf organ, pitcher. Pitchers consist of a digestive zone, slippery 
zone, peristome and lid. Pitchers contain a digestive fluid inside the digestive 




that is involved in attracting and trapping the prey; second a slippery waxy 
zone inside the pitcher, which is involved in trapping and preventing prey 
escape; and third a digestive zone at the inner bottom part of the pitcher that 
is covered with bifunctional glands and contains the digestive fluid (Figure 1A) 
(Mithöfer, 2011). The bifunctional glands are responsible on the one hand for 
secretion of the digestive pitcher fluid and on the other hand for nutrient 
uptake generated by prey digestion (Figure 1B). All Nepenthes species 
possess a lid at the peristome, which is sometimes also involved in prey 
attraction and, in addition, protects the digestive fluid from rain that otherwise 




Since the time of Darwin the proteolytic activity in the fluid of carnivorous 
pitcher plants has been assumed (Darwin, 1875). In recent years, 
researchers have focused on the elucidation of protein composition in the 
pitcher fluid by applying proteomic approaches; many proteins were identified 
(Hatano and Hamada, 2008, Mithöfer, 2011, Rottloff et al., 2011, Hatano and 
Hamada, 2012, Buch et al., 2014, Rottloff et al., 2016). One of the most 
prominent proteins in the pitcher fluid is the pepsin-related aspartic protease 
nepenthesin. Nepenthesin I and nepenthesin II have been purified, cloned 
and biochemically characterized from different Nepenthes species (An et al., 
2002, Athauda et al., 2004, Takahashi, 2007). Because of its special 
biochemical properties, nepenthesin is already applied in technological fields 
(Kadek et al., 2014) and also used for therapeutic treatment (Rey et al., 
2016). Besides this, many other proteins were identified in the pitcher fluid, 
some might contribute to prey digestion, whereas others are not directly 
involved in the digestion process, but indirectly assist prey derived nutrient 
acquisition. Several classes of chitinases were also identified as components 
of the Nepenthes pitcher fluid (Eilenberg et al., 2006, Hatano and Hamada, 
2008, Rottloff et al., 2011, Rottloff et al., 2016). Further proteins in the pitcher 
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fluids from different Nepenthes species are identified like peroxidase, 
ribonuclease, S-like ribonuclease, glucanase and thaumatin-like proteins 
(Stephenson and Hogan, 2006, Hatano and Hamada, 2008, Hatano and 
Hamada, 2012, Nishimura et al., 2014, Rottloff et al., 2016). A combination of 
mass-spectrometry-based proteomics with transcriptome analysis of the 
pitcher performed in several Nepenthes species, allowed the identification of 
additional protein members. This includes, in addition to novel members of 
already reported protein classes, new proteins such as carboxypeptidases, 
α- and β-galactosidases, lipid transfer proteins and esterases/lipases (Lee et 
al., 2016, Rottloff et al., 2016). 
 
 
PR family Type Species Reference 
PR-1 PR-1 protein N. mirabilis Buch et al, 2014 






Eilenberg et al., 2006 
Hatano & Hamada, 2008 
PR-5 Thaumatin-like protein 
N. singalana 
N. alata 
Rottloff et al., 2009 
Hatano & Hamada, 2012 
PR-7 




Athauda et al., 2004 
Stephenson & Hogan, 2006  






Rottloff et al., 2011 
 
Hatano & Hamada, 2012 
PR-9 Peroxidase III N. alata Hatano & Hamada, 2012 




Stephenson & Hogan, 2006 
Nishimura et al, 2014 
Lee et al, 2016  
 
All of the described proteins in pitcher fluids from different Nepenthes species 
can be classified into one of the known families of pathogeneses-related (PR) 
proteins (Table 1) (Mithöfer, 2011). Recently, even pathogenesis-related 
protein 1 (PR1) was identified from Nepenthes alata pitcher fluid, which in 
Table 1: Pathogenesis-related (PR) proteins identified in the pitcher fluid of Nepenthes 
species and their PR family classification. 
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this particular case showed antibacterial rather than antifungal activity (Buch 
et al., 2014). 
1.3	Plant	pathogenesis	related	proteins	
 
Pathogenesis-related proteins are defined as proteins which are inducible 
under pathological and related situations in at least one or more pathogen 
combinations. Numerous pathogenesis-related proteins have been detected 
and reported in many plant species (van Loon and van Strien, 1999). PR 
proteins are low molecular weight proteins, normally with size of 10 to 40 kDa. 
Biochemical properties such as stability in extreme pH and resistance to 
proteolytic cleavage allow them to survive under harsh conditions (Stintzi et 
al., 1993). Based on their shared sequence homology, PR proteins are 
classified into different families. Classification into different groups of PR 
proteins is also based on migration in native polyacrylamide gel 
electrophoresis (PAGE), cross-reactivity with antiserum and with mRNA 
probes. Biological activity of the induced proteins also plays a role for 
classification into groups and isoelectric points of the proteins are considered 
for sub-classification in the group. 17 PR protein-families were reported (van 
Loon et al., 2006). 
Expression of PR proteins prevails at the basal level without pathogen attack 
(van Loon et al., 2006). Different types of pathogens like bacteria, fungi and 
viruses induce PR proteins in plants (Sinha et al., 2014). It is also observed 
that PR proteins are inducible under parasitic attacks by insects, nematodes 
and herbivores (van Loon et al., 2006). Correlation of PR gene induction 
upon various attacks by a number of plant hormones is also reported 
(Kitajima and Sato, 1999, van Loon et al., 2006). Furthermore, certain 
promoter regions, DNA sequences located upstream of gene coding regions, 
are closely related to the regulation of PR gene expression as a response to 
particular stimuli (Jung et al., 2005, Spoel and Dong, 2012, Jiang et al., 2015). 
These promoter regions of PR genes contain cis-acting regulatory elements, 
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specific binding sites for transcription factors, which are proteins involved in 
initiation and regulation of transcription. 
1.4	Regulation	of	carnivory‐related	processes	in	carnivorous	plants	
 
To cope with stresses caused by different triggers including pathogen attack, 
insect herbivory and harsh environmental factors, plants possess inducible 
defense mechanisms (Mithöfer and Boland, 2012, Verma et al., 2016). Here, 
plant hormones play a vital role in the regulation of complex signaling 
networks and downstream events in plants (Mithöfer and Boland, 2012). Very 
powerful endogenous signals required to mediate plant growth, development, 
defense related reactions as well as environmental adaptations are 
phytohormones, endogenous signaling compounds like jasmonic acid (JA), 
salicylic acid (SA), abscisic acid (ABA), auxin (IAA), cytokinins (CKs) 
brassinolides or ethylene (Bari and Jones, 2009). JA and SA are the two 
main players in this complex network, especially in response to pathogen 
attack (Bari and Jones, 2009). JA normally regulates defense against 
herbivores and necrotrophic pathogens, whereas defense mechanisms, 
which target biotrophic and hemi-biotrophic pathogens, are induced by SA. 
SA is also involved in mediating the development of systemic acquired 
resistance (SAR) in response to pathogen-attack (Bari and Jones, 2009). 
Crosstalk between different plant hormones enables them to adapt the 
already existing defense mechanisms to particular conditions (Verma et al., 
2016). 
Recently, the involvement of particular plant hormones in carnivory was 
demonstrated for some carnivorous plants. For example, JA-mediated prey 
capturing and digestion by forming an “outer stomach”, formed by tentacle 
and leaf-bending in Drosera was shown (Nakamura et al., 2013, Krausko et 
al., in press) Application of external jasmonates was sufficient to induce leaf-
bending movement (Nakamura et al., 2013). Later on, the importance of both 
mechanical and chemical stimuli to trigger JA and JA-isoleucine conjugate 
(JA-Ile) biosynthesis was indicated (Mithöfer et al., 2014). Different stimuli 
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from the prey induced electrical signals and phytohormone response. 
Mechanical and chemical stimuli induced, first a local, and later, by repeated 
stimulation, a non-localized tentacle movement and enzyme secretion in 
sundew plants. Jasmonates play a central role in regulation of the digestive 
enzyme activity (Krausko et al., in press). 
In the fast trap-moving Venus flytrap, Dionaea muscipula, jasmonates control 
excitability, slow closure and external stomach formation by trap closing 
(Escalante-Perez et al., 2011). JA signaling pathway is activated by electrical 
signal known as action potential (AP), created by prey contact with trigger 
hairs of the trap and a number of APs are needed to achieve differential 
expression of genes encoding prey-degrading hydrolases (Böhm et al., 2016). 
External JA application to Venus flytrap increased the abundance of a 
cysteine endopeptidase, dionain, and the whole proteolytic activity in the 
digestive fluid, which was positively correlated with chemical stimulation from 
captured prey (Libiakova et al., 2014). Very recently, the impact of JA on 
endocrine processes and chemo-sensing of nutrients was further 
demonstrated in Dionaea (Bemm et al., 2016). 
Jasmonates are derived from α-linolenic acid, which is a fatty acid originated 
from the chloroplast membrane. Linolenic acid is converted into 12-oxo-
phytodienoic acid (OPDA) in the chloroplast and translocated to peroxisome. 
OPDA is reduced and β-oxidized to jasmonic acid (JA), which is exported to 
the cytosol. In the cytosol, JA is conjugated to the amino acid isoleucine to 
form JA-Ile, the most active form of JA. The receptor of JA-Ile, COI1 activates 
the downstream JA signaling by employing the ubiquitin/26 proteasome 
pathway that degrades jasmonate ZIM-domain (JAZ) proteins, repressor 
proteins that prevent the transcription of JA responsive genes (Wasternack 
and Hause, 2013). These JA responsive genes are associated with many 
defense-related biological processes in plants (Wasternack, 2007, 
Wasternack and Hause, 2013). 
In case of Nepenthes, little is known about prey-derived signals, and the 
initiation, regulation, and induction of hydrolytic enzymes. Although, the 
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categorization of the pitcher fluid proteins in the PR protein families, strongly 
suggest hormonal participation in prey-derived nutrient supplementation, 
however an involvement of plant hormones also in the carnivory process in 
Nepenthes was unknown. Promoter structures of Nepenthes PR genes, 
which might be closely related to gene expression regulation were also not 




Most of the carnivorous plants including Nepenthes are specialized in insect 
prey capture and digestion. In addition, some distinct species of the genus 
Nepenthes, however, have developed an alternative cooperative lifestyle with 
animals. These are Nepenthes hemsleyana, (former name: Nepenthes 
rafflesiana elongata), Nepenthes lowii and Nepenthes rajah (Clarke et al., 
2010, Grafe et al., 2011, Greenwood et al., 2011, Schöner et al., 2015). In 
these species a switch from prey digestion-derived sources to animal 
excrements has been documented (Clarke et al., 2009, Grafe et al., 2011, 
Greenwood et al., 2011). Due to this switch, those Nepenthes species 
developed a mutualism-based coprophagous lifestyle. Mutualistic relationship 
has been, for instance, developed between N. hemsleyana and a bat, 
Kerivoula hardwickii (Figure 2), where bats are found roosting inside the 
pitcher. Recently, it was reported that reflective structures of N. hemsleyana 
acoustically attract bats for mutualism (Schöner et al., 2015). A special 
morphological shape of the N. hemsleyana pitcher prevents the bats from 
falling into the pitcher fluid. Bats are defecating into the pitcher during their 
roosting activity (Grafe et al., 2011). This, likely, results in plants getting 
access to high amount of nitrogen in the form of urea from bat urine since 




















A similar mutualistic relationship was reported for Nepenthes lowii and the 
tree shrew, Tupaia montana, where the tree shrew feces represents a 
significant nitrogen source for N. lowii plants (Clarke et al., 2009). Pitchers of 
N. lowii contain nectar-like substances inside the lid, which is the main 
attraction for the tree shrew. This nectar-like exudate is only accessible for 
tree shrews when they position their body on top of the pitcher, being ready 
for defecation at the same time (Clarke et al., 2010). The same phenomenon 
was shown for Nepenthes rajah and several rat species. Thus, the pitcher 
shape is commensurate to the mutualistic partner that supports 
coprophagous behavior of these Nepenthes species. All described 
Figure  2.  Mammals  visiting  specific 
Nepenthes  pitchers.  (A)  Bat,  Kerivoula 
hardwickii visiting Nepenthes hemsleyana. 
(B)  Tree  shrew,  Tupaia  montana,  visiting 






interactions are good examples for multidirectional resource-based 
mutualism of carnivorous plants with mammals (Greenwood et al., 2011). In 
all of these cases Nepenthes benefits from animal exudates. It was shown 
that Nepenthes plants get significant amount of nitrogen from this mutualism. 
Visiting activity of mutualistic partners significantly increased total foliar 
nitrogen content in N. hemsleyana and N. lowii plants. (Clarke et al., 2009, 
Grafe et al., 2011) However, the precise origin of nitrogen and biochemical 




Nitrogen (N) is one of the basic elements of proteins and nucleic acids (DNA, 
RNA). Lower N content per amino acid residue in plants compared to animals 
is observed, suggesting the evidence for an influence of environmental 
resource availability on proteomes of multicellular organisms. This 
observation is reflected in the decreased abundance on N-rich amino acids in 
the plant proteome (Elser et al., 2006). Thus, nitrogen availability and 
metabolism is a vital factor for plants. Typically, biochemically accessible 
forms of nitrogen, generated with the help of microorganisms, are taken up 
by plant roots (Ibanez et al., 2016). In agriculture, for example, urea serves 
as an excellent source for nitrogen. In animals, urea is excreted from the 
body as a metabolic waste product in order to remove toxic ammonia (Wright, 
1995). The endogenous metabolic sources of urea are arginine and purine 
degradation. Nitrogen from internally and externally provided urea is only 
















Therefore, the hydrolysis of urea to ammonia and carbon dioxide is 
necessary for making nitrogen accessible for assimilation (Figure 3). Urease 
is the only known nickel-dependent metalloenzyme and the only enzyme 
responsible for urea hydrolysis (Witte, 2011). Urease is produced by bacteria, 
fungi, yeast, and plants. Urea hydrolysis provides these organisms with a 
source of nitrogen. Plant and fungal ureases are homo-oligomeric proteins of 
90-kDa identical subunits. Bacterial ureases however, are multimers of two- 
or three-subunit complexes. Nevertheless, bacterial urease share high 
sequence homology with plant urease (Balasubramanian and Ponnuraj, 
2010). For the coprophagous lifestyle described for some Nepenthes species 







Figure 3. Urease reaction. Urea is enzymatically hydrolyzed to ammonia and 
carbamate. Further, ammonia and carbonic acid is generated subsequently by 





High adaptive plasticity enables plants to respond to changing environments. 
Some plants developed the carnivorous life style as an adaptation to limited 
nutrient acquisition in natural habitats. Carnivorous pitcher plant of the genus 
Nepenthes mainly rely on insect prey trapping and digestion and, hence, 
supply the plant with prey-derived nutrients. Additional coprophagous 
specialization of few Nepenthes species that interact with mammals seems to 
obtain high amount of nitrogen from their defecating mutualistic partners. The 
aim of this work was to study and identify exogenous and endogenous 
signals that mediate and regulate prey digestion in Nepenthes. In addition, 
the basis for coprophagous lifestyle in few Nepenthes species should be 
investigated.  
The overall goal was to challenge the hypothesis that plant carnivory 
developed mainly from plant defense mechanisms and uses inherently 
existing tools. Therefore, the following aspects were studied in detail: 
 
 Identification of prey-derived signals for the induction of genes 
encoding proteins for the pitcher fluid of Nepenthes.  
 Analysis of the role for phytohormones in plant carnivory in Nepenthes. 
 Promoter analysis for Nepenthes PR genes. 
 Proof of principle of feces-derived origin of nitrogen in specialized 












Nepenthesin protease activity indicates digestive fluid dynamics in 
carnivorous Nepenthes plants 
 
 
Authors: Franziska Buch, Wendy E. Kaman, Floris J. Bikker, Ayufu 
Yilamujiang, Axel Mithöfer 
Status: Published, PLoS ONE 10(3): e0118853, 2015. 
doi:10.1371/journal.pone.0118853 
 
The aim of the study was to investigate the generation and induction of the 
aspartic protease, nepenthesin, in the pitcher fluid of Nepenthes. By 
employing FRET (fluorescent resonance energy transfer)-based technique 
that uses a synthetic fluorescent substrate, an easy and rapid procedure was 
established, which allowed the detection of protease activities in the digestive 
fluids of various Nepenthes species. Biochemical studies for heterologously 
expressed Nepenthesin II proved that the proteolytic property of the digestive 
fluid relied on the presence of aspartic proteases. By applying FRET-based 
approach, the induction and dynamics of nepenthesin in the digestive pitcher 
fluid could be studied directly upon challenge with insect prey or plant 
material. It was observed that proteolytic activity was induced not only by 
prey and litter but also by the phytohormone jasmonic acid in contrast to 
salicylic acid. The results suggest that jasmonate-signaling pathways are 
involved in plant carnivory. 
 
F.B., A.M. conceived and designed the experiments; F.B., A.Y. performed the 
experiments; F.B., A.Y. and A.M. analyzed the data; W.E.K., F.J.B. 
contributed reagents/ materials/ analysis tools; F.B., W.E.K., F.J.B., A.Y. and 





Slow food: Insect prey and chitin induce phytohormone accumulation 
and gene expression in carnivorous Nepenthes plants 
 
Authors: Ayufu Yilamujiang, Michael Reichelt, Axel Mithöfer 
Status: Published, Annals of Botany, 118: 369–375, 2016. 
doi:10.1093/aob/mcw110. 
The aim of this study was to investigate prey-depending induction of genes 
encoding proteins that are present in the pitcher fluid of Nepenthes alata, and 
the role of phytohormones in this process. It is demonstrated that insect prey 
as well as chitin is able to induce jasmonate phytohormones, which in turn 
can induce genes for digestive enzymes such as a protease, nepenthesin, or 
a chitinase. The results suggest that upon insect prey capture, a sequence of 
signals is initiated: (I) insect-derived chitin, (II) jasmonate as endogenous 
phytohormone signal, (III) induction of gene expression, (IV) digestive 
proteins expression. These results support the idea that carnivory evolved 
from plant defense. 
 
A.Y. and A.M. conceived and designed the research; A.Y. performed the 











Coprophagous features in carnivorous Nepenthes plants: a task for 
ureases 
Authors: Ayufu Yilamujiang, Anting Zhu, Rodrigo Ligabue-Braun, Stefan 
Bartram, Claus-Peter Witte, Rainer Hedrich, Mitsuyasu Hasabe, Caroline R. 
Schöner, Michael G. Schöner, Gerald Kerth, Célia R. Carlini, Axel Mithöfer 
Status: Submitted 30.01.2017, Nature Ecology & Evolution 
Aim of this study was to investigate the molecular background and the role 
for urease in a coprophagous lifestyle in Nepenthes. The presence and 
enzymatic activity of a urease in Nepenthes plant tissues was shown. It was 
demonstrated that 15N-enriched urea provided to Nepenthes pitchers is 
metabolized and its nitrogen is distributed within the plant. By applying PCR 
approach, urease cDNA from N. hemsleyana urease was isolated and 
heterologously expressed. Urease activity was only detectable by co-
expression with Arabidopsis urease accessory proteins, UreD, UreF, UreG. A 
comprehensive phylogenetic analysis for eukaryotic ureases, including 
Nepenthes and five other carnivorous plants’ taxa, identified them as 
canonical ureases and reflects the plant phylogeny. Hence, this study reveals 
the high adaptive plasticity in plants by developing a further specialized 
lifestyle from carnivory to coprophagy, on demand for nitrogen. 
A.Y., C.R.C. and A.M. conceived and designed the research; A.Y., A.Z., S.B., 
and C.R.S., M.G.S, and C.-P.W. performed the experiments; R.L.-B. carried 
out phylogenetic analysis; R.H. and M.H. provided sequence information; 
C.R.S., M.G.S, G.K. established, grew and provided N. hemsleyana plant 
material; A.Y., A.M., and R.H. wrote the manuscript. All authors contributed 












































































































































































































































Towards promoter analysis of Nepenthes PR 
genes 
 
Promoter regions, i.e. DNA sequences located upstream of gene coding 
sequences, often contain cis-acting regulatory elements. Cis-acting 
regulatory elements play an essential role in the regulation of plant gene 
expression. Regulation of PR genes is often closely related to cis-acting 
regulatory elements like W-box, GCC-box and G-box (Sudisha et al., 2012). 
Analyses of potential promoter elements of Nepenthes PR genes can provide 
more information of PR gene regulation. This implies a possibility to discover 
more molecular characteristics for the regulation of carnivory. For this 
purpose a genome walking library was constructed using Nepenthes 
genomic DNA, which allows the amplification of promoter regions of any 
gene. Promoter regions of selected PR genes, nepenthesin I, chitinase 3 and 




Around 1 kb promoter regions were amplified for all three investigated 
Nepenthes alata PR genes, nepenthesin 1, chitinase 3 and PR1 (Figures S1 
and S2). A number of WRKY binding sites are predicted on promoter regions 
of all three genes, including further binding sites for transcription factors like 
Myb and bZIB, bHLH and Dof. On the promoter regions of nepenthesin I and 
chitinase 3, 11 binding sites for WRKY transcription factors were predicted 
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for each gene. For PR 1, 27 WRKY binding sites were predicted. Around 30 
Myb binding sites are present for nepenthesin I, around 20 for chitinase 3 
and PR1. About 15 bZIB binding sites are predicted for chitinase 3 and PR1, 
but only around 5 for nepenthesin 1. The bHLH binding sites are 10 for both 
nepenthesin 1 and PR1, but 20 for chitinase 3. For nepenthesin I and for PR1 
around 20 Dof binding sites are predicted whereas only 3 are present on the 





















Figure S1: Schematic illustration of promoter region amplification of 
selected PR genes, nepenthesin I, chitinase 3 and PR1 using Genome 
Walker library. Each line represents amplicons from libraries which 
were constructed using individual restriction enzymes, DraI, EcoRV, 






















































Genomic DNA was isolated from Nepenthes alata pitcher tissue using 
Invitrap spin plant Mini Kit (STRATEC) according to the manufacturer 
instruction. Genome Walker library was constructed using GenomeWalker 
2.0 Kit (Clontech) following the given protocol. The following gene specific 








GSP: ACTCCCCCTTTCGACAGCACGTTCTAAGA   
NGSP: GCTGTTCTTGACGTAGAATGTGTTGGGGCA  
Chitinase 3 (AB510164.1):  
GSP: AGTTTCCGGTGGCGCAGGTGTCGGATA  
NGSP: GAGCCGTGGGACGGATTGATCGAGAGAAA  
Pathogenesis related protein 1 (GQ337079 was used for primer design): 
GSP: GCATAAGCCGCAACAGTGTTGTTCCATGTT  
NGSP: CGAGGAAGTCTTGTTTGTCGTTCTGAGCAT.  
Putative cis-acting regulatory elements were predicted using PantPAN 2.0 























Plants are sessile organisms that are unable to escape from unfavorable 
environmental conditions. Instead they need to adapt to the environment, 
which is supported by high plasticity of plant metabolism, pathways, and 
morphological variations. As an adaptation to nutrient limitations and poor 
soils, some plants developed a carnivorous lifestyle. Within carnivorous 
plants, a variety of different trapping organs with distinct morphology have 
been developed in different orders, families, genera and species, all of which 
support insect-prey based nutrient acquisition. In most carnivorous species 
prey digestion and subsequent degradation of nutrients rely on a mixture of 
hydrolytic enzymes. The exact place of prey digestion depends on the 
morphology of the responsible trapping organ. Species of carnivorous plants 
of the genus Nepenthes perform prey digestion in the digestive fluid of so-
called pitchers, which are part of a metamorphosed leaf. Hydrolytic enzymes, 
which can also be categorized as members of the PR protein families, 
perform prey digestion in those pitchers. However, in a few Nepenthes 
species coprophagous specialization allows supplementation of a high 
amount of nitrogen, which is derived from mutualistic mammalian partners 
that defecate into the pitcher. 
The objectives of my research was to investigate, on the one hand, the 
regulation of prey-induced digestive processes involved in nutrient 
supplementation in Nepenthes and, on the other hand, the biochemical 
background underlying nitrogen usage in further specialized, coprophagous 
species. Caught prey-depending signal initiation and induction of genes 
encoding proteins for the pitcher fluid were analyzed in Nepenthes alata. The 
role of phytohormones, especially the involvement of jasmonates, was 
studied. Additionally, promoter regions of selected PR genes were 
investigated. For the coprophagous plant Nepenthes hemsleyana, the 
precise origin of nitrogen and the role of ureases was examined. The results 
obtained have been discussed in detail in each manuscript. Here, I will 
discuss the results in a broader context regarding the regulation and 
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specialization of carnivorous lifestyle in plants, as well as its relationship to 
plant defense strategies in general. 
 
Regulation of prey digestion by phytohormones 
Insects have been recognized as the most significant herbivores on earth 
considering the fact that most of the estimated 4-6 million insect species are 
herbivores (Barah and Bones, 2015). Herbivory causes different kinds of 
damage to the plants. Mechanical damage and chemical signals are the key 
players for initiation of herbivory-induced plant defenses (Mithöfer and 
Boland, 2008). Generally, infestations of plants induce early signaling events 
like electrical signals followed by phytohormone biosynthesis (Gfeller et al., 
2010). Often jasmonates relay this information and lead to induction of gene 
expression. Gene expression of a particular gene can be regulated 
transcriptionally by a high number of transcription factors that bind to the 
promoter regions of a gene upon hormonal changes (Singh et al., 2002). 
Jasmonates such as jasmonic acid, and salicylic acid are closely correlated 
with defense-related induction of gene expression such as genes of 
pathogenesis related (PR) proteins (van Loon et al., 2006, Bari and Jones, 
2009) that are induced as a response of various attacks (van Loon et al., 
2006, Sinha et al., 2014).  
Plants and insects have likely coexisted for the past 420 million years 
(Mithöfer and Boland, 2016). Supporting the assumption that the earliest 
appearance of carnivorous plants was at the end of Cretaceous (Juniper et 
al., 1989) the first fossils of carnivorous plants are dated back to the Eocene, 
about 35-47 million years ago (Sadowski et al., 2015). Thus, carnivory has 
definitely evolved later then plant defense against herbivory.  
In carnivorous plants, the plants benefit from caught-insects as nutrient 
source. Hence, the carnivorous lifestyle represents a special form of plant-
insect interactions. To the very heterogeneous group of carnivorous plants, 
there are more than 500 species known. Passive and active traps are 
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developed to fulfil nutrient demand; their morphology seems evolutionarily 
adjusted upon nutrient support, forms of nutrient supply, and ecological 
relevance (Juniper et al., 1989). 
Many aspects of plant defense pathways, especially the early events (Maffei 
et al., 2007) in successful defense against insect herbivory seem to be 
present in carnivory-related processes in plants. The fruit fly Drosophila 
melanogaster, was used as an insect-prey model in the pitcher fluid of N. 
alata. D. melanogaster induced both, an elevation of jasmonate 
phytohormones as well as the expression of PR genes in pitcher tissue 
(Manuscript II). Measured by an optimized FRET (fluorescent resonance 
energy transfer)-based technique, proteolytic activity of prominent pitcher 
fluid protein, nepenthesin, was also demonstrated to be induced by prey. In 
addition, external JA, rather than SA application induced pitcher fluid 
proteolytic activity (Manuscript I). This corresponds to earlier studies where 
trapped prey in Drosera and Dionaea activated jasmonate signaling as well 
(Escalante-Perez et al., 2011, Nakamura et al., 2013). Moreover, both 
chemical and mechanical stimuli were important for JA signaling activation in 
Drosera and Dionaea (Mithöfer et al., 2014, Böhm et al., 2016, Krausko et al., 
in press). In Drosera, the prey-initiated tentacle movement caused electrical 
signals followed by jasmonate accumulation (Krausko et al., in press). 
Similarly in Dionaea muscipula, JA signaling is induced by trigger-hair-
generated action potentials (APs) (Böhm et al., 2016). In the case of 
Nepenthes results of mechanical stimulation (or in combination with chemical 
stimuli) are lacking. But exogenously applied chitin, a component of insect 
exoskeleton, was sufficient for jasmonate-mediated initiation of the carnivory 
signaling (Manuscript II). However, all these results demonstrate that 
carnivorous plants use the available JA signaling pathway in their trapping 
organs. JA-induced gene expression contributes to prey-digestion and 
nutrient acquisition. Participation of JA signaling in these processes strongly 
supports the hypothesis that plant carnivory is evolved from plant defense 
mechanisms (Mithöfer, 2011, Nakamura et al., 2013, Mithöfer et al., 2014, 
Bemm et al., 2016, Krausko et al., in press). This is also supported by the 
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recently published transcriptome landscape of Dionaea (Bemm et al., 2016). 
However, detailed steps in signaling cascades from prey recognition to 
nutrient uptake are not completely understood in any carnivorous plant. For 
carnivorous plants the jasmonate pathway seems to be, not only a main 
modulator, but also an intersection coordinator, probably with some 
adaptations. It should be mentioned that prey-induced JA-accumulation in 
carnivorous plants showed a distinct time course that differs from herbivory-
induced JA accumulation (Manuscript II) (Maffei et al., 2007, Nakamura et al., 
2013). In fact, prey-induced jasmonate accumulation, gene expression and 
enzyme accumulation in Nepenthes is delayed by hours (Manuscript II) 
(Maffei et al., 2007). 
Clear evidences for involvement of jasmonates in many carnivory-modulated 
processes in recently investigated carnivorous plants lets us assume an even 
broader participation of jasmonate signaling in further nutrient acquisition 
steps such as endocytosis. In many carnivorous plants endocytosis plays a 
key role in nutrient uptake by enabling absorption and intracellular digestion 
of even whole proteins (Adlassnig et al., 2012). Jasmonates are involved in 
modulation of endocytosis in plants (Sun et al., 2011). Therefore it is 
tempting to speculate that in carnivorous plants, jasmonates are also 
involved in endocytosis mediated nutrient uptake. Further research is needed 
to prove a direct link between jasmonates and endocytosis, and molecular 
players of endocytosis in carnivorous plants needs to be identified. 
As a response to prey or chitin in the pitcher fluid, Nepenthes PR genes 
selectively respond in pitcher tissue (Manuscript II). Under pathogen or insect 
attack many PR proteins are induced, which is mainly mediated by the 
induction of JA, SA or ethylene (van Loon et al., 2006). JA- or SA-dependent 
selective induction of PR genes was demonstrated in tobacco leaves (Niki et 
al., 1998). Crosstalk between JA and SA, especially in the context of plant 
pathogen interaction and induction of defense response upon pathogen 
attack is antagonistic (Robert-Seilaniantz et al., 2011). This may explain the 
selective and precise time course coordination between gene expression and 
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hormonal induction during prey digestion in Nepenthes. Promoter analysis of 
PR genes in Nepenthes, especially the identification and characterization of 
cis-acting regulatory elements may provide more insight in PR gene 
regulation in Nepenthes, and in plant carnivory in general. 
Cis-acting regulatory elements play an essential role in the regulation of plant 
gene expression. Combination of cis-acting regulatory elements and 
transcription factors allows an extremely specific gene expression regulation 
upon stress stimulation in plants (Hernandez-Garcia and Finer, 2014, Porto 
et al., 2014, Biłas et al., 2016). Regulation of PR genes is often closely 
related to cis-acting regulatory elements like W-box, GCC-box and G-box 
(Sudisha et al., 2012). W-box, for instance, is a binding site for a class of 
transcription factors called WRKY(s) (Phukan et al., 2016). Large number of 
WRKYs regulate multiple responses through various interconnecting 
signaling networks in plants (Phukan et al., 2016). 
To analyze the promotors of different PR genes in Nepenthes, a Genome 
Walker library was constructed (see unpublished results). Primarily, promoter 
regions of PR genes like nepenthesin I, chitinase 3 and PR 1 were 
investigated. Promoter regions of selected PR genes contained a number of 
binding sites for WRKY transcription factors and additional promoter 
regulatory regions like Myb and bZIB, which are known to play a role in the 
regulation of plant defense related gene expression (Singh et al., 2002) (see 
unpublished results). On the promoter regions of nepenthesin I and chitinase 
3, 11 binding sites for WRKY transcription factors for each gene were 
predicted. Furthermore, 27 WRKY binding sites were predicted for PR 1. The 
same classes of binding sites were reported for chitinase genes from Drosera, 
which were functionalized to act in carnivory (Jopcik et al., 2016). The 
presence of both JA- and SA-responsive WRKY transcriptional factors was 
identified in other plants including Arabidopsis (Dong et al., 2003, 
Schluttenhofer et al., 2014). Recently it was shown that WRKY22 modulates 
the interplay between JA and SA signaling in Arabidopsis (Kloth et al., 2016). 
Further experimental investigation is needed to prove the exact regulatory 
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mechanisms and functionality of all predicted Nepenthes cis- acting 
regulatory elements. A deletion analysis with truncated promoters (Oropeza-
Aburto et al., 2011) can be performed for further characterization.  
The more we learn, and the more we design the future research topics, the 
more comprehensively we can understand carnivorous plants. Knowledge 
about protein composition of Nepenthes pitcher fluid and its biochemical 
properties deepens our understanding of the molecular features of a 
carnivorous lifestyle. Known protein characteristics may help to develop an 
ideal way to discover new proteins. Glycosylation of the heterologously 
expressed nepenthesin cloned from Nepenthes is shown (Manuscript I). High 
glycosylation of PR1 from the pitcher fluid of Nepenthes was proved (Buch et 
al., 2014). Glycosylation sites for more known PR proteins from Nepenthes 
are also predicted. Much more proteins in the pitcher fluid are possibly 
glycosylated, as it may have a protective role in harsh conditions. Nepenthes 
pitcher fluid exhibits a special environment due to extreme pH change, 
necessary for prey digestion (Manuscript I). Further studies of glycosylation 
pattern of enzymes from pitcher fluids might increase the possibility to 
discover canonical biochemical properties of the proteins. This could open 
new possibilities for biotechnological applications. Using chromatographic 
methods applying concanavalin A (Con A) in combination with proteomic 
approaches may allow the identification of new protein components from the 
pitcher fluid, which were not yet detectible due to their low amount in the 
pitcher fluids. 
Further specialization in carnivorous plants 
Apart from the above described adaptations of insect-prey based carnivory, 
further specialization exists in carnivorous plants, which enables them to use 
distinct nutrient sources. A mutualism-based nitrogen access in N. 
hemsleyana is an example of this phenomenon. The results regarding 
urease-mediated urea usage support the idea that further specialization 
leads to coprophagy in Nepenthes (Manuscript III). However, whether or not 
these plants rely completely on feces-derived nitrogen or still have the ability 
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to catch and digest insect prey was not completely understood. Interestingly, 
N. hemsleyana plants fed with feces demonstrated increased survival, growth 
and photosynthesis compared to the arthropod fed plants (Schöner et al., in 
press). Thus, the authors hypothesized an outsourcing strategy where the 
plant benefits from prey that was pre-digested by the bat mutualist (Schöner 
et al., in press). 
 
From the evolutionary point of view, carnivory in plants is assumed to have 
evolved independently nine times in five different orders of higher plants 
(Ellison and Gotelli, 2009, Givnish, 2015). In carnivorous plants, functional 
diversification of genes involved in prey digestion is observed (Renner and 
Specht, 2012, Nishimura et al., 2014, Jopcik et al., 2016). Carnivory-specific 
functionalization and sub-functionalization of some enzymes like chitinase 
and S-like ribonuclease in favor of carnivory was reported (Renner and 
Specht, 2012, Nishimura et al., 2014). In some carnivorous plants in the 
order of Caryophyllales, functionalization of class I chitinases for carnivory 
has been demonstrated. Two subclasses, subclass 1a and subclass 1b have 
evolved. Function of subclass 1a remained to act for plant defense, where 
subclass 1b is related to plant carnivory (Renner and Specht, 2012, Jopcik et 
al., 2016). S-like ribonucleases also evolved to function in carnivory, rather 
than function in self-incompatibility mechanism of plant, compared to its 
sequence homology S-RNases (Nishimura et al., 2013). Carnivorous plant S-
like ribonucleases exhibited specific amino acid residues unique for 
carnivorous plants. In the case of urease, Nepenthes ureases demonstrated 
the same functional domain characteristics like other plant ureases and seem 
to represent a typical urease wihout carnivory-related features. This might be 
due to the fact that the urease is not part of the digestive fluid and, thus, not 
exposed to acidic conditions and enormous proteolytic activities. However, 
urease supported further specialization from carnivory to coprophagy in 
Nepenthes. Phylogenetic tree constructed for urease is in agreement with the 
phylogenetic relationship of the included carnivorous plants. Nevertheless, 
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the urease sequences studied show seven carnivorous plant-specific amino 
acid substitutions. Ten amino acid changes were found to be unique for the 
two Nepenthes species (Manuscript III). Convergent evolution of amino acid 
substitution specifically for carnivory, or even for coprophagy, cannot be 
excluded completely, by taking those carnivorous plant specific amino acid 
changes in urease into account. Considering the described carnivory specific 
functionalization and evolution of chitinase and S-like ribonuclease, 
convergent evolution seems to be a driving force for development of 
carnivory strategies under ecological adaptations.  
Interestingly, for the aquatic carnivorous plant Utricularia gibba no urease 
gene was detected (Manuscript III). Environmental factors such as nitrogen 
availability in aquatic ecosystems most probably played a role in complete 
urease gene loss in U. gibba. Hence, ecological adaptation by urease usage 
in carnivorous plants cannot be excluded. 
The results of this thesis concerning the regulation of prey digestion in 
Nepenthes demonstrate versatility of jasmonate signaling pathway in prey 
derived nutrient supplementation. These results confirm the hypothesis that 
carnivory in plants has evolved from plant defense strategies, which is further 
strongly supported by the recent research achievements from other 
carnivorous plants (Mithöfer, 2011, Nakamura et al., 2013, Mithöfer et al., 
2014, Bemm et al., 2016, Krausko et al., in press). It also shows how shaping 
of existing pathways can contribute to developing new lifestyles, here in favor 
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